Abstract-The world energy sector nowadays are moving from fossil fuel energy generation towards renewable energy systems. Hence the rise of battery cells technology and with it the multilevel inverter. Three originally main multilevel inverter categories are cascaded H-bridge inverter, flying capacitor inverter and neutral point clamped inverter. Due to its modular structure and easily configured into multi-sources systems such as photovoltaic array, the cascaded H-bridge inverter is thriving in the renewable energy sector. However the downside of cascaded H-bridge inverter is the need for large number of switches, and this is evident in three phase design. The other problem is the amount of switches that have to be turned on during operation are high, thus resulting in voltage drops accumulations internally, causing losses and increase inefficiency. In this paper, a single battery bank, three phase multilevel inverter general topology with only three conducting ideal switches during operation is proposed. A 41-level version of the topology is built and simulated in Matlab Simulink platform. The result shows that the proposed inverter topology has a minimal output THD level and low internal voltage losses.
I. INTRODUCTION
Inverters can be found in various fields of applications nowadays; power supply, motor drives and active filters [1] . Of all power inverter types, the multilevel inverter is fast becoming the popular device choice in many industrial applications. One of the most popular multilevel inverter, the neutral-point-clamp (NPC) multilevel inverter can be found in high power motor applications in petroleum field, power quality solution, water pump and ship propulsion among others [2] - [3] .
However, the neutral-point-clamp multilevel inverter has some disadvantages such as unbalance switches duty cycles, non-modular structure, large number of non-switch components (diodes) and DC-link unbalance [4] . In the case of the flying capacitor inverter, the main problem is the capacitor voltage unbalance issues and the fluctuating voltages or ripple across the flying capacitors implemented in the topology [5] - [6] . For the cascaded H-bridge multilevel inverter, the main issue with the much popular topology is that, while it has modular structure and easy to build, the high number of switching components needed in each design is the downside of a high output level version of the inverter [7] - [9] .
Several decades ago, the sight of rows of large wind turbines and solar panels lined up across vast areas might be something uncommon to the public. But nowadays, as more and more governments around the world expanding their energy base towards renewable energy systems, their presence is considered something normal. Australia, one of the leading nations in renewable energy cause, however faced with the inconvenient truth about wind and solar power -they are unpredictable and irregular energy source -as shown in the power outage in South Australia state that was blamed on the failures of the wind turbine farms [10] - [11] . In order to reduce the effects of the intermittent supply of the wind and solar power, large, utility scale battery storage was proposed to be installed in the grid to prevent blackouts [11] . With the battery storage outputs are DC and the grid operating on AC, the importance of inverter has become much more significant. The main plus point for inverter is the inverters response very fast to the variations and also load changes in the grid, whereas the commonly installed, mechanically rotated generators response much slower to the load variations. The lower response time make the inverter very adaptive to the load demands, further emphasis the case for the battery based grid systems [12] .
Despite the disadvantages discussed in the previous paragraph, the multilevel inverter has some winning points over the two-level inverters such as low distortion in both input and output, smaller common-mode voltage and low frequency switching [13] - [14] . This help increases the multilevel inverter popularity in the solar energy generation projects and other renewable energy projects in the recent years. However, in the wind turbine power generation systems, the preferred configuration is to directly connect the generated power to the grid, as in the case of many solar power plants around the world. Due to unpredictability and unstable power generation of these renewable energy systems, as shown in [10] - [11] , an intermediate stage of large battery banks between the power generation stage and the grid has been proposed recently in order to overcome this reliability problem [11] . This new development will bring the three phase multilevel inverter into a new limelight in the power distribution systems worldwide.
II. CASCADED H-BRIDGE MULTILEVEL INVERTER
The cascaded H-bridge multilevel inverter consists of several DC sources or cells each connected to a single-phase full-bridge or H-bridge inverter. Each full-bridge can generate three levels of voltage output, +Vdc, 0 and -Vdc respectively.
In a single phase version, to build an 11-level output inverter, the cascaded H-bridge topology requires 5 dc cells When configured for a three-phase system (see Figure  1) , the cascaded H-bridge multilevel inverter requires 15 dc sources and 60 switches just for an 11-level output. At the same time, 30 switches need to be turned on simultaneously at any time of inverter operation. For a 21-level three-phase cascaded H-bridge multilevel inverter, 30 dc cells and 120 switches are used, with 60 switches are turned on at any time of operation. For 41-level three-phase cascaded Hbridge multilevel inverter with 60 dc cells, as much as 240 switches are used with 120 switches are turned on at any time of operation.
What needs to be emphasised here is the sheer number of switches that must be turned on in order for the inverter to work properly. To achieve a low total harmonics distortion (THD) levels at the output terminals even without the load, a higher level output voltage is a must. For a 41-level output voltage, the THD level for the output voltage is around 2%, which is within the safe side of the 5% limit set by IEEE Standard 519-2014. For each phase, 40 switches need to be turned on, as each switch has its own on-state resistance, the voltage drop (IRON) across each switch will be accumulated before the current reach the output terminals. This condition will have a very detrimental effect to the inverter operation because the net available voltage for the load will be greatly reduced.
III. THE PROPOSED THREE-PHASE CASCADED MULTILEVEL INVERTER TOPOLOGY
The proposed cascaded multilevel inverter topology in a single phase configuration is shown in Figure 2 bidirectional configuration) . Although the number of overall switch counts seems high, only one switch (two switches in bidirectional configuration) needs to be turned on during operation for any output level configurations. So the overall switch number is almost equivalent to a cascaded H-bridge inverter topology, and the number of dc sources is double of the cascaded H-bridge inverter topology. However these conditions are compensated by the minimum possible operational conducting switch count which is only one bidirectional switch. This will allow the inverter to be built for any number of high output level without affecting the available voltage at the output terminal, as the amount of voltage drop across the conducting switch will be very minimal.
When configured for a three-phase system (see Figure  3) , the proposed three-phase multilevel inverter requires 30 dc sources and 33 bidirectional switches for an 11-level output. During operation, only three bidirectional switch need to be turned on. For a 21-level three-phase multilevel inverter, 60 dc cells and 126 switches are used, again only three bidirectional switch need to be turned on at any time of operation. For 41-level three-phase multilevel inverter with 120 dc cells, as much as 246 switches are used. But similar to other output level configurations, regardless of how much is the output levels, only three bidirectional switch need to be turned on at any time of operation for the inverter to work properly.
However, when comparing the voltage levels of the switches from the top to the bottom, each switch actually has the same voltage level or potential. Based on this observation, it is found that instead of three separate battery bank, the three-phase multilevel inverter can operate by using only one battery bank (see Figure 4) . This configuration is actually very similar to a large number input sources-to-three-phase outputs matrix converter described in [15] - [16] .
So, for any output voltage level configuration, the total amount of dc sources or cells can be reduced by one third of the previous topology design in In other words, the number of dc sources or cells used to build a three-phase inverter is exactly similar to the number of dc sources or cells used to build a single phase inverter. This is because the proposed topology, unlike the H-bridge cascaded multilevel inverter topology or any other topology has a very stable point-to-point connection between the cells. In other topology such as H-bridge, the cells polarity must be changed and swapped with respect to the load terminals and to the other cells in order to create the required output waveform. Based on the voltage taps switching strategy, the proposed topology can be build in reference to a stable and uninterrupted neutral line. This is vital especially for a three-phase configuration as the phase loads are not essentially always in a balance condition.
There will be some instances where the loads between the phases are unstable for various reasons, particularly when supplying a distribution system as in the case of a renewable energy based utility system -the unbalance phase current must be returned to the source using the neutral line. If the neutral line is unsecured and constantly changes connection as in the case of many cascaded multilevel inverter system such as the H-bridge multilevel inverter -there will always be risk of phase overvoltage due to "floating neutral" condition. This condition is very serious as it can bring damages and possible injuries to the users.
IV. SIMULATION RESULTS
In order to validate the proposed three-phase multilevel inverter topology, a 41-level cascaded multilevel inverter based on the proposed topology in Figure 4 is built in the Matlab Simulink environment. Each of the ideal switches are constructed using two MOSFETs in a bidirectional configuration connected together at the source terminal.
Each of the dc cells is set at 17V, bringing the total peak voltage for the positive and negative cycle at the output terminal at 340V peak, with the nominal voltage output of 240Vrms. The switches are controlled by a digital circuit which synthesized sequential switching pulses to produce a nominal 50Hz frequency of the inverter output. This 240V, 50Hz supply is a standard voltage supply for a host of countries around the world. The output waveforms for the balance and unbalance load conditions is shown in Figure 5 , Figure 6 and Figure 7 .
The total harmonics distortion (THD) levels for the inverter outputs are measured. The voltage total harmonics distortion, THDv for phase A, phase B and phase C at the load terminals are 1.98% for each phase load. While the current total harmonics distortion, THDi for phase A, phase B and phase C is 0.057%. This is well below the 5% limit set by the IEEE Standard 519-2014 for harmonics distortion.
V. CONCLUSIONS
The proposed three-phase multilevel inverter topology with minimum number of conducting switches during operation is explained and validated using Matlab Simulink. The simulation test successfully shows the inverter can produce the required three-phase outputs within the standard required.
The total harmonics distortion level of each phases are well below the 5% limit set by the IEEE Standard 519-2014. The proposed inverter topology characteristics and advantages are discussed and demonstrated -the number of dc sources or cells required is similar for a single-phase and three-phase configuration; the connections between the components are very stable with respect to the load terminals; the neutral line is very stable and uninterrupted; the proposed inverter works very well in a balance and unbalance load conditions; and the number of conducting switches need to be turned on along the current path are minimum and constant -one bidirectional switch for the single-phase construction and three bidirectional switches for the three-phase construction of any size of output voltage level configuration.
